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A fl ight  investigation of a rocket-launched ram-jet e n g i n & n c o w -  
rating an end-burning so l id  fuel w a s  made. During the flight =e mod+ 
accelerated from a Mach number of 1.9 and an a l t i tude  of 3,WOifeat t q  a 
Mach nunher of 2.52 and an al t i tude of 24,750 feet  in 11.7 secbnds? 
mature ignition of the ram j e t  occurred 2-95 seconds after take-of &- 
prevented  separation of the ran j e t  and booster at booster  bur@ut 
Booster sepasation did occur 3.86 seconds after take-off a t  a $hch 

speed fUght motion pictures gave evidence that the booster adapter was 

take-off. 

t 

ber of 1.9. However, analysis of the data and observation of the 

L s t i l l  in place in the ram-jet ex i t  nozzle until 7 3 3  seconds after 

D ~ a x i m u m  values of acceleration (3.2g) and air  specific  +tibe 
(123 seconds) were calculated. The maximum values of  net and g r o s s  thrust  
coefficients w e r e  0.23 and 0.37, respectively. Ram-jet combustion was 
sustained t o  an al t i tude of 27,500 feet, 17.9 seconds after talre-off, The 
model then  coasted t o  an al t i tude of 47,500 feet a t  the time of 46 seconds, 
at which position it was l o s t  by the SCR-584 r e .  The fuel  successfully 
withstood an acceleration of 25g during the boost  period. 

INTRODUCTION 

A solid-fuel ram j e t  m i g h t  be used in  m e d i u m  thrust and m e d i u m  range 
applications,  men the high thrust of a solfd-fuel rocket i s  not  required, 
but where it is desirable  to  retain  the  features of s h p l i c i t y  and relia- 
bi l i ty   inherent   in  a solid-fuel  rocket. Although a liquid-fuel ram j e t  
would deliver a higher specific hrpulse than the solid-fuel ram jet, it 
would perhaps be less   re l iable  as the system does contain highly complex 
fuel  metering  devices. 

The available,  promishg,  basic data on solid  metallic-type  fuels, 
L prompted the Langley Pilotless Aircraft Research Divlsion t o  MtLate an 

investigation  to determine the performance of various types of solid-fuel - 
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charges in both preihfnary ground  and  flight  tests.  The  results of the 
ground  tests  (ref. 1) indicated  that  the  fuels  had  reached  the stage 
where  flight  testing was deemed  advisable  for further evaluation.  The 
results  of  the  first NACA flight  test of a solid-fuel  ram  jet, using a 
radial-burning-type  fuel,  were  presented in reference 2. I 

4 

'T an end-burning-type  fuel,  are  presented  in this paper. m e  flight  test 
" was made  at  the  Langley  Pilotless  Aircraft  Research  Station at Wallops 

C.  The results  of  the  first  flight  test  of a solid-fuel  ram  jet, using 
. .  

Island, Va. 

SYMBOLS 

P static  pressure,  lb/sq  in.  abs 

T static  temperature, OF abs 

A maximum stream tube  area, sq ft-- 

W weight  of  model,  lb 

t time  measured from take-off,  sec 

S combustion-chamber  area, 0.231 sq ft 

M free-stream Mach number 

9 free-stream  dynamic  pressure,  lb/sq ft 

Q acceleration  of  gravity, 32.2 ft/sec2 

&L absolute  longitudinal  acceleration,  ft/sec2 

CD external drag coefficient,  based on combustion-chamber area 

c% g r o s s  thrust  coefficient, C T ~  + CD 

sonic air specific  impulse, 

4M ratio  of  jet-  Fmpulse  at any station  to  the  jet  impulse at a 
sonic station c 
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TS stagnation  temperature, 9 abs 

H altitude, f t 

D diameter,  in. 
I 

The  model,  incorporating a Mach  nMlber 2.13 d .esign conical-shock 
inlet  diffuser,  is  shown as a sketch  and a photograph Fn figures l (a)  
and  i(b),  respectively.  The  0.093-inch  wall  inlet-difRzser  section was 
attached  to an 0.093-inch  wall  canbustor  shell upon which four fins, each 
with an area  of 0.416 square foot, were  mounted. Four cruciform  struts 
of  1/8-inch  thickness,  with  tapered leading and t r a i l i ng  edges, and a 
chord  of 4 inches  fastened  the  innerbody  to  the  diffuser wall. An "off- 
the-wall  clover-leaf  flame  holder"  made of 3/8-Inch mild steel  enclosed 
in an 0.093-inch-thick  Inconel  shroud  (fig. l ( c ) )  was mounted  to  the 
combustor w a l l  with  four  airfoils, 1/4 tnch  thick, with - inch chord 

and tapered leading and trailing  edges.  The  model  was 62.95 inches in 
2 

. length  with a combustion  chamber  of 6$ inches  Inside  diameter. 

The  area  ratio of the conibined  sugersonic and subsonfc  diffuser  was 
0.884, based on the  area at the  entrance U p  and the  annular  area at the 
end  of  the  diffuser.  The  contraction  and  expansion mea ratios of the 
exit  nozzle  are 0.853 and 0.923 when referenced  to  the  combustion-chamber 
area. 

The ram Jet was cmprised of an 0.093-3nch w a l l  spun-mild-steel  dif- 
fuser and innerbody, a sheet  Inconel  combustor, and stainless-steel  exit 
nozzle and fins. The  empty  model  weight was 60.3 pounds. 

The  model was essentially similar to that model in which a radial- 
burning  solid  fuel  was  flight  tested, and the  results  reported in ref- 
erence 2. 

Fuel 

The  end-burning  solid-fuel  charge was produced by the  Bureau of Mines 
under contract  with the Bureau  of  Aeronautics, Navy Department. A sketch 
of the flight-type fuel  charge  is  presented as figure 2, and a description 
of its  manufacture  is  presented in reference 3. 

- The  flight-test  fuel  charge was made up of two distinct  compositions, 
the  ingredients and percentages of each  axe listed in the  following  table: 
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lComposition . . . . . . . . . . . . . . . . .  
Aluminum, pyrotechnic,  percent (by weight) . . 
Magnesium, 200 mesh, percent (by w e i g h t )  . . .  
Boron, amorphous, percent (by weight) . . . .  
Potassium nitrate,  percent (by weight) . . . .  
Copper sulfate,  percent (by w e i g h t )  . . . . .  

"-124 
15 

"-107 

10 
37.5 45 
37.5 

21.4 17.9 
8.6 7 - 1  

"" 

Percent of t o t a l  w e i g h t  . . . . . . . . . . .  54.9 1 
lgureau of Mines designation (see ref. 4 )  . 

The fue l  charge was pressed into a liner of ccgmnercial extruded magnesium 
tubing of 9- inch  outside diameter w i t h  a wall thlclmess of 0.093 inch. 

The fue l  charge itself, before  installation of the ignitor was la - inches 

long. An ignitor made up of loosely packed MF"I.24 composition was 
installed on the downstream end of the  fuel  charge. Two 4-delay electr ic  
squibs imbedded i n  the loose powder  were fired for  ignition. The fuel  
charge  weight was 18.1 pounds. The liner w e i g h t  w a s  1.6 pounds. The 
t o t a l  loaded weight of the model was 80.0 pounds. The fuel assembly was 
attached  to a threaded  adapter  with machine screws and screwed into 
threads in  the innerbody. 

4 

Booster Rocket  and Adapter 

A Jato, 3.5-DS-5,700 rocket motor was u s e d  t o  accelerate the ram 
je t  to supersonic speed. A cast-magnesium-alloy coupling  fastened to  the 
rocket motor  and f i t t e d  internally in  the ram-jet exit  nozzle  attached 
the booster t o  the ram jet. This coupling K&B designed t o  block only 
10 percent of the nozzle-exit area during  the  boost  period. Four f ins ,  
each  with an area of square feet, were mounted at  the rear end of the 

rocket motor t o  provide s tab i l i ty  of the combination during the boost 
period. A photograph of the ram jet and coupled booster in place on the 
launcher prior t o  f i r ing  is shown a8 figure 3 .  

2 

Measurements 

The velocity of the model in  flight was measured w i t h  a continuous- 
wave Doppler radar. The position of the model i n  space was determined 
w i t h . N A C A  modified SCR 584 tracking  radar. The al t i tude of the model a t  
any given time obtained fYom SCR 584 data is presented in figure 4. 
High-speed manually operated  trackfng cameras provided  information on the 
behavior of the model i n  flight. .. 
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Upon completion of the flight test, a radiosonde  balloon was released 
to  obtain  the  pressure and tmgerature of the atmosphere as a function of 
alt i tude.  The radiosonde  balloon was tracked with HACA modified SCR 584 
radar t o  obtain w i n d  velocity a t  altitude. Values of static  pressure p 
and s t a t i c  temperature T obtained f r o m  radiosonde data are presented 
in figure 5 as functions of alt i tude.  

FLIGHT IlTEST 

The model, launched a t  an elevation of 60°, was boosted t o  M = 1.99, 
3.10 seconds after take-off. Premature ignition of the ram jet occurred 
a t  the time of 2.95 seconds after take-off and prevented  separation of 
the ram jet and booster a t  booster  burnout. Emster separation did occur 
a t  3.86 seconds a f te r  take-off a t  M = 1-90. &ever, analysis of the 
data, and observation of the high-speed flight motion pictures gave evi- 
dence that the  booster  adapter was s t i l l  in place Fn the ram-jet ex i t  
nozzle un t i l  the time of 7.50 seconds after take-off. After this time, 
the model accelerated  to a maximum velocity of 2,625 fee t  per second 
(M = 2.52) 15.5 seconds after take-off , a t  which tlme it had reached an 
al t i tude of 24,750 f ee t  . m e  model then  decelerated t o  M = 2.29 a t  an 
a l t i tude  of 27, 500 f ee t  when burnout of the fue l  charge  occurred. m e  
m o d e l  then coasted t o  an a l t i tude  of 47,500 feet a t  the time of 46 seconds, 
a t  which position it was l o s t  by the SCR-584 radar. 

RESIILTS AND DISCUSSIOIT 

The variation of maxhm stream tube area - used i n  determhing the 
weight flow of a i r  - w i t h  free-stream Mach  number is presented in figure 6 .  
These data were determined for an M e t  geometrically slmila;r t o  the 
f l i gh t  engine,  both by the  experimental method and the one-dimensional- 
flaw analysie that are described in  reference 5.  

Prior t o  the flight test, pref l ight   tes ts  w e r e  conducted fn the 
preflight jet of the Langley Pilotless  Aircraft Research Station a t  
Wallops Island, Va. on the high-density concentric and dual-segment fuels  
(Bureau of Mines designation). The fuels w e r e  tested w i t h  several  types 
of flame holders t o  determine which fue l  and flame-holder configuration 
would be flight tested. The diffuser-combustor  combhation used was 
geometrically similar t o  the flight-type engine. 

Basic data and engine performance parameters were obtained for these 
L t e s t s  by the methods described in references 1 and 5 .  Analysis of the 

data  indicated that the  concentric-type  fuel charge (fig. 7) , and a 
shrouded clover-leaf  flame  holder  (fig. l ( c ) )  configuration gave the  best - 
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overall performance. %e concentric  fuel charge burned smoother, and 
with a higher combustion efficiency  than did the other type. The shrouded 
clover-leaf flame holder promoted  good  combustion while  preventing cam- 
bustor  burnout that was reported in references 1 and 2. The results of 
the  preflight  tests of the previously mentioned fuel-flame-holder con- 
figuration are presented i n  figure 8(a) a B  values of air specific impulse 
Sa againrrt burning  time for the free Jet condLtions given in the figure. 
Observation of figure 8(a) shows that a value of Sa 2 120 seconds was 
obtained a t  M = 2.1  except between the time of 0.6 and 2.5 seconds. As 
it was desired that a value of Sa 2 120 seconds be the minimum accept- 
able f o r  flight, the shape of the ignition end of"the charge w a s  modified 
t o  that sham in  f igure 2 t o  give a higher fuel  rate  than  the preflight 
charge for the  first  3 seconds of combustion. A compilation of Ba 
obtained from 

.. 

- 

is presented Fn figure 8(b) for  the  various high-energy fuels and flame- 
holder  configurations  tested. The values of E& are  plotted  against 
fuel-air   ra t io  which is  defined as the   ra t io  of the weight r a t e  of fuel  
expenditure t o  the weight flow of air. Data from reference 6 are included 
for  comparison. 

%e flight Mach  number M of the ram jet is presented in  figure 9 
as a function of flight t h e .  The velocities used to  calculate M were 
corrected  for  the wind speeds a t  the  various  altitudes. Doppler velocity 
data were used until the time of 11.75 seconds, after which tlme the 
signal became very errat ic .  The SCR-9 data - with appropriate camera 
corrections - w e r e  used to  obtain  velocity between the times of 7.25 and 
19 seconds. 17he data show a peak value of M = 2.52 obtained at the time 
of 15.5 seconds. This can  be  campared t o  a peak value of M = 2.73 
obtained  with  the  radial-burning  solid-fuel ram jet reported in refer- 
ence 2. The i n i t i a l  decrease and later slow increase in M due t o  
improper booster  separation and adapter jamming fn the exit nozzle is 
noted. Approxfmat-e'ly one-third of the  fuel  charge was expended durhg 
this period doing practically no useful work. 

A time-history of the  longitudinal  acceleration i s  presented Fn 
figure 10. T5e value6 were obtained by differentiation of the velocity- - 
time  curve with an added correction f o r  the model gravitational component. 
The acceleration m s  approximately 2 g  immediately after  booster  separation, 
then.decreased t o  approximately 0.8g. A steady  increase in aL is noted - 
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t o  a maxbua of 3.2g a t  9.3 seconds, with a constant  value of approxi- 
mately 3g being  calculated to   the  time of 13.8 seconds. A maximum 
acceleration of 8.68 was calculated  for  the  radial-burning  solid-fuel 
ram 3et (ref.  2). 

It is pertinent  to  note that the fue l  charge  successFully withstood 
an acceleration of approxfmately 25g during  the  period of rocket  boost. 

The net  thrust  coefficient C T ~  of the ram-jet  engine is presented 
in figure ll as a function of Mach nwiber. The net thrust was obtained 
from the  longitudinal  acceleration data (fig.  10) and the mass of the 
ram j e t  w i t h  appropriate  corrections  for changing mass w i t h  fue l  con- 
sumption. The fue l  expenditure was determined by assuming a constant 
fuel r a t e  from ignition at 2.93 seconds to  burnout a t  17.80 seconds. 
The external drag  coefficient CD of the model (fig. 11) was estimated 
by using existing  experimental fFn drag Fn conjunction  with  theoretical 
f r i c t ion  and engine  pressure  drag  data. The drag  coefficient was wed 
t o  present  qualitative  values of gross thrust  coefficient which 
is  a l so  presented in figure ll. Maximum values of CT, and C T ~  of 
0.24 and 0.37 realized at  M = 2 .Og w e r e  lower than values of 0.49 and 
0.61 obtained  with  the  radial-burning  solid-fuel ram jet of reference 2. 

A time-history of the air  specific fmpulse parameter Sa delivered 

% 

by the ram j e t  i s  presented in   f igure  12. The values of Sa at  the  sonic 
section of the  exit  nozzle, w e r e  obtained by adding the momentum of the 
air entering  the ram j e t  t o  the gross thrust, and dividing  this  quantity 
by the weight flow of air md the thrust function #M (ref. 7). A maxf- 
mum value of = 123 seconds was calculated  frorqthe data at  the time 
of 14 seconds, whereas a maximum value of 148 seconds was calculated  for 
t h e  radial-burning  solid-fuel ram jet in  reference 2. It should be noted 
that a 10-percent error i n  estimated CD reflects a maxhwn e r ro r  of 
only 1 percent i n  Sa for  these data. The calculated  values of free- 
stream  stagnation  temperature Ts &re also shown on figure 12. 

The fa i lure  of the  booster  to  separate  properly, and the presence 
of a t  least a portion of the  adapter in the exit nozzle for 3 o r  4 seconds 
after booster  separation  prevented  the  proper  utilization of approxfmately 
one-third of the  fuel charge i n  the Fnitial stage of the flight. The 
canbination of these  instances substantially reduced the total impulse 
that could have been obtained f r o m  this ram- jet fuel charge. 
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The  important-results  obtained in a *ee-flight  test of a rocket- 
launched  ram  jet  utilizing an end-burning  solid-fuel  charge  are: 

1. The  ram  jet  accelerated from a Mach nmber of 1.90 at 3,900 feet 
altitude t o  a Mach  number of 2.52 at 24,750 feet  altitude in the  time of 
11.7 seconds. 

2. The missile  experienced a maxhum acceleration  of  3.2g  during 
ram-Jet  propulsion in free  flight. 

4. A maxfmum value of air specific  impulse of 123 seconds was 
obtained st a k h  number of 2.45 with  the  free-stream  stagnation tesrper- 
ature  equal  to 1020° F absolute. 

5 .  The  fuel  charge  successfully  withstood a maximum acceleration of 
25g during  the  boost  period. 

6.  The  failure  of  the  booster  to  separate properly penalized  the 
perfonaance of the  ram  jet. 

Langley  Aeronautical Laboratory, 
National  Advisory  Committee  for  Aeronautics, 

Langley  Fie=,  Va., January 25, 1954. 
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(a) Sketch of  model. All dimensions are  in inches. 

Figure 1.- The solid fuel ram j e t .  
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(b) Photograph o f  DKd.01. 

Figure 1.- Cantlnuea. 
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(c) FLame-holiier I n s U l a t l o n  In model. 

Figure 1. - Conclurfed. 
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r .093 wall magnesium tubing 

rWH-lo7 \ 

Figure 2.- Sketch of the &-burning concentric solld-fuel charge that 
WE f l i g h t  tested. ALL dimensiom are in inches. 
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... 
. . . .  . . .  

L-80980. 1 
Figure 3. - The test mael  and booster. Fn the launching attitude. 

. 



. . .. 

I 1 

I 

. .  



16 

. . .  

6 

i 

H. rt 

Flgure 5.- 9% variatAon of enibient pressure E& temperature with altitude. I 
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Figure 6 . -  The varh t ion  of maxirmup stmm tuZle area wL-& flight Mach 
m b e r  as determined from t heo ry  and ground tests by the methods 
of reference 4. 
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Figure 7.- The end-burning concentric-Spe fuel charge used i n  the final 
preflight checks. All ahensions are i n  inches. 
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(a) m e  Mstorles of specific ImpuJse for  the concentric-tne charge. 

Figure 8.- Atr specific impulse prameters for the fue l  obtained in pre- 
flighe jet tests.  
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Q Concentric  charge 

B Dual segment charge 

(b) Variation of the average air specific impulse with fuel-air ratio. 

Figure 8. - Concluded. 
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Figure 9. - The flight Mach number against time. 
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2 4 6 8 10 12 4 16 18 
t, sec 2 

Figure 10.- The absolute longitudinal acceleration of the model againat !2 
flight t-. 8 
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Figure 11.- The variation o f  thrust and drsg coefficients Kith flight 
Mach nufber. 
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Figure 12.- The computed air specific muhe and stagnation temperature 
plotted a g a i n s t  flight time. 
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